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Abstract Sabertooth cats were extinct carnivorans that have attracted great attention and 
controversy because of their unique dental morphology representing an entirely extinct mode of 
feeding specialization. Some of them are lion-sized or tiger-sized carnivorans who are widely 
interpreted as hunters of larger and more powerful preys than those of their modern nonsaber- 
toothed relatives. We report the discovery of a large sabertooth cat skull of Machairodus 
horribilis from the Late Miocene of northwestern China. It shares some characteristics with 
derived sabertooth cats, but also is similar to extant pantherines in some cranial characters. A 
functional morphological analysis suggests that it differed from most other machairodont felids 
and had a limited gape to hunt smaller preys. Its anatomical features provide new evidence for 
the diversity of killing bites even within in the largest saber-toothed carnivorans and offer an 
additional mechanism for the mosaic evolution leading to functional and morphological diversity 
in sabertooth cats. 
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] Introduction 


Sabertooth cats (Machairodontinae) were widely distributed in the Neogene and 
Quaternary faunas of the Old and New Worlds (Werdelin, 1996; McHenry et al., 2007). They 
were a long-living extinct clade among carnivorans, appearing from the Middle Miocene, 
and became extinct after a brief period of coexistence with early human beings in the Early 
Holocene (for example, at Rancho La Brea in Los Angeles, California, USA) (Turner and 
Anton, 1997). Some scenarios for the demise of the largest sabertooth cats include one where 
early human beings had gradually developed stronger hunting ability to outcompete the 
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sabertooth cats, and/or sabertooth cats themselves becoming the prey of human beings (Martin, 
1989). Like living big cats (Pantherinae), the large size of sabertooth cats is an advantage 
in predatory activity (Turner and Antón, 1997; Antón and Galobart, 1999; Andersson et al., 
2011; Salesa et al., 2005), and some of them had a lion-like or tiger-like size (adult body 
mass even more than 400 kg for Smilodon populator) (Christiansen and Harris, 2005; de 
Castro and Langer, 2008). On the other hand, the early materials of sabertooth cats were 
mostly fragmentary, therefore body size disparity and evolution throughout the machairodont 
felids are not well characterized. Only recently, several complete skulls of machaiodonts 
were described from Europe and China (Antón et al., 2004; Geraads et al., 2004; Qiu et al., 
2008), among which Machairodus horribilis was considered to be the largest one (Qiu et 
al., 2008). The sizes of these machairodonts are judged according to their skulls with basilar 
lengths from 285 mm to 299 mm, and within this large-size class there are additional distinct 
morphological differences. Among them, some forms are similar to the highly specialized 
Smilodon and Homotherium, whereas others are more similar to extant pantherines. These 
important materials of sabertooth cats document mosaic evolution and the resulting significant 
morphological and ecological diversity in the evolutionary radiation of these carnivorans 
(Antón, 2013). 

Here we report on a large sabertooth cat skull found to date from the Late Miocene 
Hipparion Red Clay at Longjiagou in Wudu County, Gansu Province, China, with the 
geographical coordinates of 33?35'N, 104?50'E (Zhang and Xue, 1995). The Longjiagou Basin 
is located on a planation surface of 2400-2600 m, which formed in the Late Miocene, and it is 
a small intramontane basin with an area of about 15 km’, with lengths of about 6.5 km in north 
and south and 1—2.5 km in east and west. The fossiliferous bed is dark red silty mudstone, 
with blue-gray sandstones, lower part of which is mudstones with conglomerates, 20-340 m 
in total thickness. A comprehensive study about the Longjiagou Hipparion fauna is currently 
being carried out. From the present classification of the specimens, it shows that most elements 
of this fauna are typical fossil mammals of Baodean. Therefore biostratigraphically the fauna 
is almost certainly of Baodean age. However, the fauna includes younger faunal elements, 
for example, Gazella cf. G. blacki, which are found mainly in the Early Pliocene. Hipparion 
platyodus from Wudu is more derived than other Turolian Hipparion in other regions of China. 
As a result, the age of the Longjiagou fauna is tentatively assigned to late Baodean (Zhang and 
Xue, 1995; Qiu et al., 2013; Deng et al., 2013). 

Institutional abbreviations Ath. Nr. fossil number of Museum of Palaeontology and 
Geology, University of Athens; HMV. vertebrate fossil number of Hezheng Paleozoological 
Museum; IVPP. Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy 
of Sciences; LACM. Natural History Museum of Los Angeles County; NWU. Northwest 
University; V. vertebrate fossil number of IVPP. 
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2 Systematic paleontology 


Order Carnivora Bowdich, 1821 
Family Felidae Fischer, 1817 
Subfamily Machairodontinae Gill, 1872 
Genus Machairodus Kaup, 1833 
Machairodus horribilis Schlosser, 1903 
(Figs. 1, 2; Tables 1, 2) 

Referred material NWU 48Wd0001, an adult skull, laterally compressed (Figs. 1, 2). 
Because crushing has in all cases been lateral, measurements along the long axis of the skull 


Fig. 1 Skull of Machairodus horribilis (NWU 48Wd0001) from Longjiagou (Wudu, Gansu Province, China) 
A. dorsal view; B. reconstruction in dorsal view; C. lateral view; D. reconstruction in lateral view; 
E. ventral view; F. reconstruction in ventral view 
Abbreviations: ab. auditory bulla; apf. anterior palatine foramen; C. upper canine; coc. central occipital crest; 
eam. external auditory meatus; F. frontal bone; fls. fossa for lacrimal sac; fm. foramen magnum; 
fpp. frontal postorbital process; gf. glenoid fossa; I3. upper third incisor; if. infraorbital foramen; M. maxillary bone; 
MI. upper first molar; mf. maxillary foramen; mp. mastoid process; mrb. median ridge of the basioccipital; 
N. nasal bone; nfs. naso-frontal suture; no. nasal opening; oco. occipital condyle; ocr. occipital crest; opf. optic foramen; 
orf. orbital foramen; P2. upper second premolar; P3. upper third premolar; P4. upper fourth premolar; pc. parietal crest; 
pf. palatine fissure; pg. palatine groove; plf. posterior lacerated foramen; Pm. premaxillary bone; pn. posterior nares; 
pog. postglenoid process; pp. paroccipital process; pr. palatine ridge; prg. preglenoid process; sc. sagittal crest; 
spf. sphenopalatine foramen; tc. temporal crest; tf. temporal fossa; zpp. zygomatic postorbital process 
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are generally reliable, but overall width measurements are impossible to take in most cases 
(Table 1). Among its anterior dentition, only lower parts of both the right I3 and canine crowns 
are preserved. The zygomatic arches are lost. The right cheek teeth are relatively fragmentary, 
with a M1 root. The left P4 lacks its crown apices. 

Locality and horizon Longjiagou Town, Wudu County, Gansu Province in northwestern 
China; Late Miocene Hipparion Red Clay. 

Description and comparisons NWU 48Wd0001 represents an adult individual, given 
by the eruption and wear of the teeth and the fusion of the bone sutures. With a cranial vertex 
length of 415 cm, this skull obviously exceeds the length of all known Late Miocene skull 
specimens of sabertooth cats, including other Machairodus horribilis (353 mm, V 15642) and 
also M. giganteus (355 mm, Ath. Nr. 1967/6). This skull most likely represents an adult male 
of M. horribilis (Table 2). 

In dorsal view (Fig. 1A, B), two nasal bones compose a hexagon that is longer than 
wide, and whose antero-posterior mid-points are projected laterally, rather than narrowing 
posteriorly as in pantherines (Antón et al., 2004). The posterior half of the naso-frontal suture 
is perpendicular to the sagittal axis of the skull, and the sagittal process of the frontal is 
absent, but the lateral process, which inserts into the nasal and maxillary bones, is marked, 
with a length of 22.5 mm. The temporal fossa is antero-posteriorly elongated, which occurs 
consistently in some primitive sabertooth cats (Salesa et al., 2005). The dorsal outline of the 
frontal region at the level of the postorbital processes is concave, which is similar to those of 
some primitive sabertooth cats. The shape of the nasal opening is intermediate between the 
heart-shaped outline observed in pantherines and the rectangular shape typical of more derived 
machairodontines like Homotherium and Smilodon (Antón et al., 2004). The frontal bone is 
wide and penetrated deeply into the maxilla, which is similar to primitive sabertooth cats; its 
postorbital process is strong and thick to form a low and short triangular pyramid, without a 
sharp tip, and with a large rough surface that extend both anteriorly and posteriorly, which is 
similar to derived sabertooth cats (Qiu et al., 2004). The parietal crests converge into a single 
sagittal crest at the level of the external auditory meatus, and anterior to the convergent point is 
a weak sagittal groove, unlike the obvious depression at this position in M. aphanistus (Antón 
et al., 2004). The muzzle may be narrower at the level of the canine alveoli than that of the 
lion, due in part to the much more flattened section of the upper canines. 

In lateral view (Fig. 1C, D), the dorsal profile is about as convex as in the lion, but 
different from the straighter dorsal profiles in more derived machairodontines (Antón et 
al., 2004). The occipital plane has a great inclination, which is exhibited in some primitive 
sabertooth cats (Salesa et al., 2005). The alveolus region of incisors is not strongly projected 
forward so that the antero-dorsal margin of the premaxillary bone is weakly curved and 
declined. The infraorbital foramen is large and rounded, which is similar to those of derived 
sabertooth cats in shape and size, and its posterior border is located above the parastyle of P4. 
The sagittal crest rapidly becomes high as a vertical plate with a maximum depth of about 
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58 mm, which is the most striking difference from living pantherine cats. The postglenoid 
and mastoid processes are widely separated (8.5 mm), especially on their distal ends, so that 
the external auditory meatus is not closed as in pantherines, the external auditory meatus is 
not enclosed between the postglenoid and mastoid processes. The mastoid process is robust 
and strongly extends inferiorly, covering the auditory bulla laterally. The mastoid and the 
paroccipital processes are also widely separated, but connected by a wide curved edge. 

In ventral view (Fig. 1E, F), the diastema between I3 and C is 12 mm, slightly shorter 
than the length of I3 (15 mm), and its labial margin is weakly concave, so the alveolus margins 
of the incisors and canine are obviously separated. The palate is sunken below the cheek 
teeth so that their roots are exposed. There is a pair of projecting ridges that extend from the 
postero-medial corner of the palatine fissure to the medial side of the anterior palatine foramen 
as the medial boundary of the palatine groove, with a premaxillary section which is markedly 
crest-like, becoming more blunt in the maxillary and even more so in the palatine. The well- 
developed palatine ridge is related to the gripping device (Antón and Galobart, 1999). The 
posterior margin of the palate is U-shaped, without a sagittal process and a marked sagittal 
indentation seen in pantherines, and its bottom is located at the level of M1. Because the skull 
is compressed laterally, the original shape of the posterior nares cannot be known. 

The median ridge of the basioccipital extends anteriorly to reach the level of the anterior 
end of the auditory bullae, which is similar to those of derived sabertooth cats. The posterior 
half of the basioccipital part is a convex triangle, and smoothly connects with the occipital 
condyles; the central crest is not very strong, and both sides are deep depressions for the 
insertion of the rectus capitis anticus major muscle, whose anterior tip disappears between a 
pair of rough swellings in attachment for the rectus capitis ventralis muscle (Fig. 2), which 
is more anteriorly than in pantherines. Although the terminal of the postglenoid process is 
broken, it is still judged to strongly extend ventrally, so the posterior surface of the glenoid 
fossa is almost vertical. The preglenoid process is well developed and laterally located, being 


different from the crest-like anterior border in more derived machairodontines (Christiansen, 


Table 2 Index of sexual dimorphism (male measurement value: female measurement value) for 
Machairodus horribilis and several other felid species 


NWU 48Wd0001: IVPP V 15643: Machairodus aphanistus Smilodon fatalis Panthera leo 
IVPP V 15642 — IVPPV 15642 Antón et al., 2004 Van Valkenburgh and Sacco, 2002 Antón et al., 2004 
Vertex L 18 
Condylobasal L 1.16 1.24 1.06 1.12 
Basilar L 1.16 
Palatal L .00 
IL 36 1.37 
13 W 1.35 1.29 
CL .23 1.12 1.22 1.09 1.25 
CW 15 1.26 1.16 1.12 1.23 
PST .09 0.99 
P3W 1.25 1.00 
PAL 1.02 1.11 
PAW .13 1.31 
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Fig.2 Teeth and basioccipital region of Machairodus horribilis (NWU 48Wd0001) 
A. upper cheek teeth in occlusal view; B. upper anterior teeth in occlusal view; 
C. basioccipital region in ventral view 
Abbreviations: acc. anterior cingular cusp; C. upper canine; cmt. canalis musculotubarius; et. entotympanics; 
hf. hypoglossal foramen; hjf. hyojugular fossa; I1. upper first incisor; I2. upper second incisor; I3. upper 
third incisor; M1. upper first molar; mcv. attachment area for musculus rectus capitis ventralis; mp. mastoid 
process; mrb. median ridge of the basioccipital; ms. metastyle; ob. antero-medial opening of bulla; P2. upper 
second premolar; P3. upper third premolar; P4. upper fourth premolar; pa. paracone; pac. posterior accessory 
cusp; pcc. posterior cingular cusp; pcf. doubled posterior carotid foramen; pe. posterior edge; pgf. postglenoid 
foramen; plf. posterior lacerated foramen; pp. paroccipital process; pps. pre-parastyle; prc. principal cusp; 
pro. protocone; ps. parastyle; se. serration; smf. stylomastoid foramen. Scale bars equal 2 cm 


2013). As a result, the glenoid fossa is very deep as in the modern lion and leopard, suggesting 
comparable ranges of jaw motion in M. horribilis. In ventral view, the fossa is elongated as in 
pantherines, rather than widening medially as in derived sabertooth cats. The space between 
the postglenoid and mastoid processes is broad, which is similar to that of pantherines, but 
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not as in later machairodontines, where both processes tend to come ever closer to each other, 
almost touching in Smilodon (Antón et al., 2004). The temporal crest is more developed than 
in pantherines and weaker than in later machairodontines. The mastoid process is especially 
robust and located at the anterior 3/4 of the auditory bulla, with a laterally flaring mastoid crest 
as in derived sabertooth cats. The insertion of the atlantomastoid muscles, which is located 
under this crest, is thus enlarged, and it becomes oriented more inferiorly and less laterally 
than in pantherines (Antón et al., 2004). The paroccipital process is located near the postero- 
lateral end of the auditory bulla, with a long distance from the mastoid process, which equals 
to the distance from the occipital condyle. 

In occipital view, the occipital surface is a high triangle with a pair of laterally projecting 
processes near its top, and the occipital crest also surrounds a triangle on the top of the 
occipital surface, as in pantherines. The central smooth region is divided into two pairs of 
depressions: one is located laterally to the occipital condyle, and the other is located superiorly 
to the occipital condyle. Below the top margin and on the each side of the central crest, there 
are deep depressions for the attachment of muscles, which are absent in pantherines. Lateral to 
the upper margin of the foramen magnum there is a pair of vertical edge-like processes, weaker 
than tubercles at the same position in pantherines. 

The incisors are arranged in gentle arch, instead of a highly curved arrangement in more 
derived machairodontines, but those teeth exhibit several rudimentary characteristics that are 
better developed in derived machairodontines (Qiu et al., 2004). Judged from the alveolus, the 
incisors are enlarged from I1 to I3 gradually, but I3 is obviously much larger and more robust, 
with a weak antero-lingual edge and a sharp postero-labial edge, and without serration when 
it is worn. The smaller first and second incisors and the larger third incisor set in a slight arch, 
only slightly more developed than the straight incisor rows of the primitive sabertooth cats 
(Christiansen, 2013). 

Both the anterior and posterior margins of the huge upper canine of M. horribilis are 
serrated, with higher height in the posterior edge (Fig. 2B), similar to the serration seen in 
other sabertooth cats, such as Homotherium (Qiu et al., 2004). The upper canine is large and 
long, with an antero-posterior basal length of 48.4 mm and a thickness of 18.4 mm. The labial 
swelling of the crown is slightly stronger than the lingual one, and the cross section of the 
crown is wider in the anterior end than in the posterior end. 

P2's alveolus has a length of 8 mm and a width of 4.5 mm, with a single root, as in 
pantherines. The diastema is 7 mm between P2 and C and about 4 mm between P2 and P3. P3 
has double roots, a principal cusp, a posterior accessory cusp, and a posterior cingular cusp (Fig. 
2A), the latter is absent in both Panthera leo and M. giganteus. The labial border is straight in 
the middle and anterior parts, but curved labially at the posterior part, whereas in P. /eo and M. 
giganteus that border is straight; the lingual border is slightly concave in the middle and curved 
labially in the posterior, whereas it is projecting lingually in M. aphanistus (Antón et al., 2004). 
There is a broken scar at the lingual base between the principal and posterior accessory cusps, 
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which is seem to indicate a prominence in its original state. Both the anterior and posterior 
edges of the principal cusp are serrated. The posterior accessory cusp is much lower than the 
principal cusp, and the posterior cingular cusp is also much lower than the posterior accessory 
cusp. 

P4 has a pre-parastyle and a very rudimental protocone supported by an independent root 
(Fig. 2A). This carnassial tooth has complete enamel to cover its crown, except for the broken 
cusps' apices. In the crown base, there is a V-shaped groove between the antero-labial root and 
the protocone root. There is a marked depression in front of the protocone, and the crown part 
of the protocone is a weak swelling on the lingual wall, instead of an isolated cone, similar to 
the condition seen in derived sabertooth cats (Qiu et al., 2004). In comparison, M. aphanistus 
has a well-developed protocone (Antón et al., 2004). Among the extant felids, the protocone 
is well developed in all species except in the cheetah, Acinonyx jubatus (Ficcarelli, 1984). At 
the base of the labial wall of the pre-parastyle, there are three tiny granular tubercles. On the 
posterior part of the labial wall of the metastyle, there is a projecting edge oblique posteriorly. 

The root indicates that M1 is located in the lingual side of the posterior end of P4 (Fig. 1). 
It is oval in shape with a labial-lingual diameter of 8.7 mm and an antero-posterior diameter of 
7 mm, longer but narrower than that of M. palanderi and other known M. horribilis (Qiu et al., 
2008). 


3 Body weight estimation of Machairodus horribilis 


In order to determine the body mass of Machairodus horribilis, we utilized allometric 
equations relating weight with skull measurements to estimate body mass. Body mass is an 
ecologically relevant characteristic like life history traits, diet, population density, population 
growth rate, home range size, and behavioral adaptations. In fact, based upon modern 
knowledge, a mammal's body size may be the most useful single predictor of that species’ 
adaptations (Damuth and MacFadden, 1990). 

An entire book (Damuth and MacFadden, 1990) has been written on the challenges 
associated with estimating body weights from mammalian osteological remains. Least squares 
regression of log} transformed data is used to model the association between body mass and 
skeleton. The regression of log body weight (W) against log condylobasal length (CBL) for 
Felidae (Van Valkenburgh, 1990) is chosen to calculate the body weight of M. horribilis: 

log W —3.1l/log CBL — 5.38 

The correlation coefficient (r) of condylobasal length and body weight is high (0.92). The 
percent prediction error (%PE) is 38, and the percent standard error of the estimate (YoSEE) is 57. 

According to the size of the skull (NWU 48Wd0001, Table 1), M. horribilis from 
Longjiagou is estimated to have had a body weight of about 405 kg as a living animal. 
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4 Phylogenetic analysis 


In order to investigate the phylogenetic position of the newly described specimen of 
M. horribilis (NWU 48Wd0001), we added this specimen and the material of M. horribilis 
described by Qiu et al. (2008) to a recently published comprehensive dataset on sabertooth cat 
phylogeny (Christiansen, 2013:appendix 3) to confirm their Machairodontine affinities (Table 
3). Scorings for M. horribilis from Longjiagou were based on the skull (NWU 48Wd0001) and 
for M. horribilis from Baode were based on skull and mandible (IVPP V 15642). We removed 
Dinictis from the data matrix because of the problematic phylogenetic position of nimravids 
highlighted by recent cladistics analyses of Carnivoramorpha employing postcranial characters 
(Spaulding and Flynn, 2012). However, Canis lupus and Cryptoprocta ferox were retained as 
caniform and feliform outgroups, respectively. The data matrix was analysed using the TNT 
software package (Goloboff et al., 2008) and PAUP* (Swofford, 1991). Analyses in TNT were 
run using both implicit enumeration and traditional search, with default settings apart from the 
following: 99999 maximum trees in memory and 1000 replications. The analysis resulted in 19 
equally parsimonious trees, each having a length of 116 steps, a CI of 0.621, and a RI of 0.805. 
Analyses in PAUP* were run with the heuristic search option with all default settings except 
for NREPS set to 1000 replications. The analysis resulted in 65 equally parsimonious trees, 
each having a length of 116 steps, a CI of 0.638, and a RI of 0.829. Both TNT and PAUP* 
produced cladograms of identical topologies. We next estimated support for the clades present 
in the strict consensus tree by running bootstrap and jackknife resampling analyses in both 
programs with 1000 replications. In addition, we calculated decay index (or Bremer support) 
in both programs. We also calculated support values using the symmetric resampling function 
in TNT. Lastly, we analyzed the dataset under a Bayesian framework using MrBayes version 
3.2 (Ronquist et al., 2012). The morphology matrix was treated as a single partition assigned 
with the Mk model for morphology. The analyses were run for 10 million generations with 8 
simultaneous chains, sampling every 1000 trees. The strict consensus tree is shown in Fig. 3, 
with support values indicated for the major clades. 

The unambiguous synapomorphies for the monophyletic sabertooth cats (Machairodontinae): 
small c1, very small knob-like M1, and a large P3 parastyle (Christiansen, 2013) are seen in 
both specimens of M. horribilis. The analysis of the sabertooth cat dataset place M. horribilis 
and M. giganteus as unresolved taxa at the base of a weakly supported Homotherini + 
Smilodon clade. The basal position of M. aphanistus and more crownward placement of M. 
giganteus and M. horribilis in the consensus tree are consistent with the result of Christiansen 
(2013). Because M. aphanistus and M. giganteus do not form a monophyletic group in the 


Table3 Character codes of Machairodus horribilis according to Christiansen (2013, appendix 3) 


1 1111111112 2222222223 . 3333333334 4444444445 

1234567890 1234567890 1234567890 | 1234567890 1234567890 

A. horribilis (IVPP V 15642) 1220121111 2110111121 1110011111 1101311011 1111011011 
A. horribilis (NWU 48Wd0001) 1227121111 211011112? 2222222271 1101311071  11?10????? 


Character 
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Homotherium crenatidens 
əsəs | — — Homotherium latidens 

Seana Homotherium serum 

Xenosmilus hodsonae 


Smilodon populator 


Smilodon + HOMOTHERINI |—8075/90/2 
-4-180/- «A 68/63/69/2 


Smilodon fatalis 


es75e42 7 Machairodus horribilis d 
69/68/72/2 


Machairodus horribilis 9 
90/90/100/4 


87/90/90/4 


EUMACHAIRODONTI A Machairodus giganteus 


Megantereon nihowanensis 


81/72/53/1 Megantereon whitei 


67/60/69/1 


Megantereon cultridens 


55841 [7 Metailurus major 


62/61/98/2 -4-1-11 
51/55/61/1 


Metailurus parvulus 


Legend Dinofelis barlowi 


BS/JK/PP/DI (PAUP*/MrBayes) 
BS/JK/SRIDI (TNT) 


Dinofelis cristata 


Dinofelis petteri 


72/70/94/2 
66/67/71/2 


99/100/100110+4F ELIDAE 
99/99/99/10+ 


MACHAIRODONTINAE 
Machairodus aphanistus 


Nimravides pedionomus 


Promegantereon ogygia 


Pseudaelurus spp. 


Cryptoprocta ferox 


Canis lupus 


Fig. 3 A strict-consensus tree of sabretooth felids 
The same topology was recovered in PAUP* (MPT=65, 116 steps, CI-0.638, RI=0.829) and TNT (MPT=19, 
116 steps, CI=0.621, RI=0.805) analyses. Clade stability and support values from Bootstrap (BS, n=1000), 
jackknife (JK, n=1000), symmetric resampling (SR, n=1000), and decay index (DI) analyses are indicated. 
In addition, posterior probabilities from a Bayesian analysis of the morphological characters under the Mk 
model are provided. The base matrix was taken from Christiansen (2013:appendix 3) with the addition of 
Machairodus horribilis from Baode (female) and Wudu (male). Highly supported (support>90% and DI>=4) 
clades are indicated in bold. Position of specimen described in this study is also indicated in bold 


consensus tree, Christiansen (2013) used the genus name Amphimachairodus proposed 
previously by Kretzoi (1929) for the latter species. On the other hand, we consider that some 
scorings of Christiansen (2013) are needed to check personally by ourselves in future, so the 
genus name Machairodus is still retained for these species tentatively. 


5 Predatory behavior 


A phylogenetic analysis places this specimen among the Eumachairodontia clade, and 
allied with other homotherins (Fig. 3). In combination with other recent discoveries, such as 
those of smaller, presumably female individuals of M. horribilis from the Late Miocene of 
Baode in Shanxi Province, China (Table 2; Qiu et al., 2008), the new find indicates that these 
machairodonts likely relied on unspecialized throat bites (Turner and Antón, 1997) in the Late 
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Miocene woodland or steppe of the northwestern China to subdue their prey, but nevertheless 
with enough clearance between their upper and lower canines to prey on the most common 
contemporaneous ungulates, permitted by their gigantic size. 

Gigantism affects many aspects of animal structure and function (Xu et al., 2012). Among 
living meat eaters, almost all species larger than about 21 kg prey on species as large or larger 
than themselves because of energetic demands (Carbone et al., 1999). Because sabertooth cats 
were generally strongly built animals, it has been suggested that they specialized in taking 
larger prey than extant pantherines (Akersten, 1985; Turner and Antón, 1997). Differences 
among carnivoran species in killing and feeding behavior are often reflected in their 
craniodental morphology (Biknevicius et al., 1996). It was even once proposed that saber- 
like teeth evolved convergently in saber-toothed mammals and allosaurid dinosaurs as an 
adaptation for predation on prey species ten or more times heavier than the predators (Bakker, 
1998). Larger predators specialize on larger prey (Radloff and du Toit, 2004). Given these 
Observations and interpretations, does the gigantic body size of M. horribilis indicate that it 
must hunt very large preys, or does it account for a unique killing mechanism? 

Indeed, there are several features indicating that M. horribilis killed its prey by penetrating 
the flesh of the throat with its canines and causing massive blood loss, just as has been inferred 
for the derived sabertooth cats (Turner and Antón, 1997; Wroe et al., 2005; McHenry et al., 
2007). These features include the high crowned, flattened and serrated upper canines, which 
are well adapted to penetrate the flesh of prey and would be less suitable for either a crushing 
nape bite or a suffocating bite (Bryant and Churcher, 1987); the enlarged mastoid crests, slight 
anteroposterior projection of the mastoid process, and median crest on the basicranium indicate 
locations of muscle insertions consistent with adaptations for a canine shear-bite (Antón et 
al., 2004). The elongated and inclined occipital region further allows the movement of the 
temporalis to scribe a larger arc as the jaw closes, increasing the force generated at the anterior 
teeth (incisors and canines) rather than at the carnassials (Martin et al., 1999). 

On the other hand, significant differences that exist among the various taxa of saber- 
toothed carnivorous mammals have been suggested to correlate with behavioral and ecological 
diversity (Martin, 1980; Bryant and Churcher, 1987, Turner and Antón, 1997; Martin et al., 
1999). If a throat bite was the main killing technique of sabertooth cats, then killing of a larger 
prey required a larger gape. For example, Smilodon has an enormous gape of 120? (Antón 
et al., 2004; Andersson et al., 2011). On the other hand, M. horribilis has the strong pre- and 
postglenoid processes to make its glenoid fossa very deep, which is similar to the pantherine, 
such as the lion and leopard, so it has only a moderate gape of about 70? (Antón et al., 1998; 
Andersson et al., 2011). Moreover, the inclined occiput of M. horribilis indicates that the 
fibers of the temporal muscle are strongly inclined as in primitive cats, while in derived 
machairodontines these fibers become more vertically oriented (Antón et al., 2004). The 
larger degree of inclination in M. horribilis represents a limitation for dorsal extension of the 


head over the atlas, therefore in turn limits the head action required in the canine-shear bite 
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(Antón et al., 2004; McHenry et al., 2007; but see recent discussion of Smilodon mechanism 
by Brown, 2014). Although the strongly developed mastoid crest of M. horribilis provides a 
larger area for insertion of the atlanto-mastoid muscles and indicates that the strength of these 
muscles would be greater than in pantherines, contributing to the potential for head depression, 
it is less efficient than in more derived machairodontines (Antón et al., 2004). 

As a result, the functional morphology suggests that the biting or killing mechanism of 
M. horribilis differs from more highly specialized sabertooth cats, but in ways similar to that 
of extant lions and leopards and primitive, early felids. Specifically, the limited gape and the 
intermediate development of musculature arrangements compared to more derived sabertooth 
cats would have restricted M. horribilis to somewhat smaller prey sizes than more derived 
sabertooth cats with larger gapes. However, given its gigantic size, which effectively increases 
the absolute distance between upper and lower canines at maximum gape (assuming canine 
length scales proportionally to gape), M. horribilis nevertheless achieved some functionality 
of the sabers in biting and killing that is more specialized than less derived machairodontines 
such as M. aphanistus but not yet at the stage of derived homotherins such as Homotherium. 

The highly mosaic evolution of sabertooth cats exhibits increasingly refined adaptations 
for the canine-shear bite in order to kill its prey with more efficiency. Efficiency is important 
because the ability to kill prey faster translates to less struggling time and less opportunity 
for accidents involving teeth breakage and/or prey escape (Van Valkenburgh, 1988; Van 
Valkenburgh and Ruff, 1987). The canines (length x width = 48.4x18.4 mm, index=2.63) 
of M. horribilis are at least as flattened as those of M. giganteus and M. aphanistus (Antón 
et al., 2004:table 3), and thus equally fragile and breakable (Van Valkenburgh, 1988; Van 
Valkenburgh and Ruff, 1987). Like hyaenids, the robust incisors, especially I3, and the less 
parabolic incisor arcade of M. horribilis may function to reinforce the adjacent canines during 
the killing bites by helping locally to limit the motion of the prey (Biknevicius et al, 1996). 

The morphological features discussed above suggest a model of predatory behavior of M. 
horribilis that differs not only from that of extant pantherines but also from that hypothesized 
for derived machairodontines such as Homotherium and Smilodon. Faunal evidence for a great 
number of slow-running three-toed horses in the Longjiagou fauna that belong to a dwarf species 
Hipparion platyodus with very short limb bones (Qiu et al., 1987; Zhang and Xue, 1995) 
provides at least one candidate species as the possible principal prey of M. horribilis. Although 
also present in this fauna (Zhang and Xue, 1995), the deer Eostyloceros and Cervavitus 
may have been too small and too fast for M. horribilis, and the giraffes Samotherium and 
Honanotherium may have been too large for the felid predators. 

The mosaic combination of highly derived upper canines and primitive cranial 
morphology in M. horribilis demonstrates that even though high-crowned, flattened sabers 
may work best as part of a complex of adaptations for the canine-shear bite, they can also 
work, and do work sufficiently well, within a different, more feline like mode of biting when 
combined with gigantic size. The key advantage of the initial development of saber-like 
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teeth would lie in the efficiency of a killing bite that caused massive blood loss instead of 
suffocation, rather than in the possibility of taking significantly larger prey (Turner and Antón, 
1997). It is reasonable, however, that more derived sabertooth cats with a larger gape and more 
specialized musculoskeletal complex than M. horribilis would have been able to take prey 
larger relative to their body size. The extent of gigantism as a beneficial addition to a mosaic 
mode of improving sabertooth functionality may have been limited in sabertooth cat evolution 
given the relatively short stratigraphic range in which very large-bodied Machairodus occur. 

This discovery has implications for early predatory behavior evolution of sabertooth cats, 
and indicates that at least one sabertooth cat incorporated gigantic size in the functional mosaic 
of musculoskeletal features associated with the sabertooth bite. The unique combination of a 
restricted gape and very large size in M. horribilis could represent an adaptation to a particular 
prey size class, given the multitude of paleoenvironments it has been found in. M. horribilis 
lived both in woodlands of Longjiagou and also in completely open grasslands (for example 
in Baode). As such M. horribilis likely was sympatric with forest mammals such as primates 
(Xue and Delson, 1989), chalicotheres (Xue and Coombs, 1985), and the deer Eostyloceros 
(Zhang and Xue, 1995) as well as more typical open grassland forms. The dwarf horses of the 
Longjiagou fauna are morphologically different from the tall Hipparion horses in Baode and 
other regions, in having a less cursorial postcranial skeleton that may have provided stable 
food supply for the population containing the largest known Machairodus. Different from the 
rich giraffids in other localities, the giraffids were rare for individuals and low in taxonomic 
diversity at Longjiagou. The predatory behavior of large carnivorans may be interpreted 
according to the mass-energetics “law” (Carbone et al., 1999), but the encounter rate for prey 
is also an important factor. Moreover, the height of giraffe increased its predator detection 
capability and threat of injury to predators from its hooves, thus it is not very suitable as a 
regular prey of sabertooth cats (Hayward and Kerley, 2005). Gigantic Late Miocene sabertooth 
cats elsewhere, by contrast, lived in an open steppe that was conducive for them to pursue 
preys at a burst of high speed and attack preys with a very large gape. 

In conclusion, M. horribilis from Longjiagou has the largest skull of any sabertooth 
cat, but it likely did not exhibit the predatory behavior of derived taxa such as Smilodon or 
Homotherium, and instead hunted comparatively smaller preys. Derived predatory behaviors 
apparently have evolved several times independently in sabertooth cats along with changes of 
habitats and preys through the whole evolutionary history of sabertooth cats (Antón, 2013), 
as has clearly occurred in some ungulates, especially tooth crown changes in the family 
Equidae (Mihlbachler et al., 2011). The mixture of primitive and derived morphological 
characteristics in the cranium of M. horribilis is consistent with previously observed mosaic 
evolutionary patterns in early machairodontines, and additionally provides evidence that 
gigantism may be one of several mechanisms to increase gape prior to the evolution of the 
full suite of anatomical features associated with more efficient killing bite mechanism (Antón, 
2013). Future discoveries of postcranial elements belonging to M. horribilis would allow these 
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functional morphological interpretations to be further tested. 
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